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Introduction {#sec1}
============

Electromagnetically induced transparency (EIT) is an elimination of absorption, originally existing in atomic medium and stemming from quantum interference ([@bib4]). It allows for a very narrow transparency window for wave transmitting through an originally opaque medium ([@bib23]). To clearly observe the EIT in the quantum system, the sample needs to be kept under cryogenic temperature ([@bib17]) under two coherent laser sources. This phenomenon was later mimicked using plasmonic metamaterials ([@bib2]; [@bib11]; [@bib20]; [@bib22]; [@bib32]; [@bib34]; [@bib39], [@bib37], [@bib41]; [@bib50]; [@bib51]; [@bib55]; [@bib56], [@bib57]; [@bib58]; [@bib62]; [@bib64], [@bib65]; [@bib66]; [@bib67]; [@bib68]; [@bib80]; [@bib81]) that operated at room temperature with incoherent light source.

The analog of EIT in metamaterials depends on a Fano-type interaction ([@bib15]; [@bib42]) achieved by either the weak hybridization of two bright modes ([@bib38]; [@bib80]) or the destructive interference between bright and dark modes ([@bib16]; [@bib31]; [@bib50]). However, these EIT metamaterials work in the transmission mode thus requiring transparent substrate, which forbids the design wavelengths based on the kind of substrates being employed ([@bib24]; [@bib78]; [@bib84]). In this regard, an EIT-like response in the reflectance spectra so-called electromagnetically induced reflectance (EIR) will be more talented for improving photonic device efficiency. So far, few works devote attention to the EIR metamaterials ([@bib12]; [@bib21]) and only operate at a fixed frequency, which hampers their applications. On the other hand, it shows that the EIT metamaterials can be tuned by integrating the various active materials such as metal hydrides ([@bib61]), graphene ([@bib9]), vanadium dioxide ([@bib14]), and liquid crystals ([@bib13]). Yet, the actively tunable EIR metamaterials have not been studied. Moreover, these tuning approaches tend to be not practical in the near-infrared (NIR) region because the active materials exhibit a strong Drude contribution to the permittivity. The NIR regime is, whereas, a key spectrum having atmospheric transparency window, optical telecommunication wavelengths, or molecular vibrational fingerprints ([@bib1]; [@bib60]; [@bib63]; [@bib76]).

Since explored in the 1960s ([@bib48]), chalcogenide semiconductor phase change materials (PCMs) have attracted intense attention owing to their significant portfolio of properties ([@bib19]; [@bib53]; [@bib54]; [@bib74]). In particular, it has been shown that the structural rearrangement in the chalcogenide semiconductor can be switched by electrical ([@bib71]) or optical ([@bib52]) pulses, offering nonvolatile and optical (e.g., DVD-RW) phase-change random access memory devices ([@bib26]; [@bib33]). Furthermore, the prompt amorphous-to-crystalline phase change in the most studied PCMs, Ge~2~Sb~2~Te~5~ (GST), makes it superlative for active photonic devices ([@bib3]; [@bib6], [@bib7], [@bib5]; [@bib25]; [@bib30]; [@bib35]; [@bib47]; [@bib69]; [@bib74]; [@bib83]). Recently, the switchable photonic devices have been realized by transiting the state of GST225 ([@bib8]; [@bib29]; [@bib70]; [@bib72]; [@bib82]). It is because that the GST permittivity exhibits a vast change in the optical region during the phase transition ([@bib44], [@bib45]).

Herein, we illustrate experimentally that plasmonically induced reflectance (PIR) can be tuned by using planar complementary hybrid metal-GST metamaterials in the NIR regime. Based on Babinet\'s theory ([@bib38]; [@bib77]), we propose the metamaterials made of cut-out antenna in the Au-GST stacked films, where a reflectance peak is induced instead of transmittance peak. To excite the PIR phenomena, coherently coupled bright and bright modes are introduced. A pair of slot dipolar resonators with the different lengths, which are efficiently coupled to light, supports two different bright modes. A weak hybridization of the two bright modes results in the PIR features. We further experimentally present that GST amorphous-crystalline phase transition offers a significant reflectance contrast at the resonance and hence tune the reflected light frequency, in which a resonant wavelength of peak reflectance varies from λ = 1,470--1,670 nm. The experiment matches well with the calculation. The cut-out scheme can be easily realized by nanoimprint lithography or focused-ion-beam (FIB) writing and promising for the highly integrated NIR photonic devices ([@bib40]). The pronounced reflectance signal may be employed to measure the mass concentration for biomolecules, i.e., proteins, DNA, and glucose, which readily fills the voids and facilitates the sensing ([@bib79]).

Results and Discussions {#sec2}
=======================

[Figure 1](#fig1){ref-type="fig"}A schematically illustrates the geometry of the Babinet metamaterial. It is formed from a periodic lattice made of two asymmetric slots in a 40-nm-thick Au film (*T*~*Au*~ = 40 nm) on a 30-nm-thick GST dielectric layer (*T*~*GST*~ = 30 nm). Herein, the Au is chosen as the metal film owing to its advantages of non-oxidation, excellent chemical stability, and low loss in the NIR region ([@bib73]). A 5-nm-thick silicon nitride (Si~3~N~4~) diffusion barrier is deposited between the Au and GST layers, which can prevent the interlayer diffusion and interfacial reactions ([@bib10]). The metamaterials reside on a silicon (Si) substrate. The gap between the two horizontal cut-out (the nanoslit dipolar resonators) is *d* = 200 nm. The lengths of the double nanoslit are *l*~*1*~ = 250 and *l*~*2*~*=*350 nm, respectively, while maintaining the width at *w* = 50 nm. The periods along *x* and *y* axes are *P*~*x*~ = *P*~*y*~ = 500 nm. The Babinet metamaterials can excite the plasmonic bright modes, where a reflectance maximum can be approximated by using the geometry (slots) of the complementary features of the Au asymmetric double nanorods. The Babinet metamaterial is fabricated by FIB writing, where the field-emission scanning electron microscopy (SEM) image of the sample is shown in [Figure 1](#fig1){ref-type="fig"}B. The sample is of 100 μm × 100 μm area, possessing ∼40,000 individual meta-atoms. The GST layer is deposited onto a Si substrate. Radio frequency sputtering system is employed to deposit the GST and Si~3~N~4~ layers under argon (Ar) atmosphere at room temperature (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} for detail). In contrast to the other devices that exhibit optical switching of chalcogenide semiconductor with nanosecond pulsed laser ([@bib49]; [@bib52]), our Au-GST stacked layers are very thin (∼1/25 of the operating wavelength) and avoid using the capping layer. The employment of the capping layer not only increases the losses from metamaterials but decreases the resonance move by enlarging the distance between the metamaterials and the GST film. [Figure 1](#fig1){ref-type="fig"}C illustrates the complex refractive index of a 30-nm-thick monolithic GST film on a Si substrate for the different structural states of the amorphous (red lines) and crystalline (blue lines). Variable-angle spectroscopic ellipsometry (VASE) is used to measure the complex refractive index (N~GST~ = n~GST~ + i×k~GST~) that is subsequently fitted by a Tauc-Lorentz model ([@bib59]) in the spectral range from 1,000 to 2,200 nm. As is seen, there is a radical change in the spectra of the real part of the complex refractive index (n~GST~) between the amorphous and crystalline states, which in turn produces the tunable NIR resonances. The variation of N~GST~ in the GST is owing to a bonding change from predominantly covalent in the amorphous state to resonant bonds in the crystalline state ([@bib26]).Figure 1Configuration and Performance of the EIR Babinet Metamaterials(A) Schematic illustration of the Babinet metamaterials. The geometrical parameters are: *T*~*Au*~ = 40 nm, *T*~*GST*~ = 30 nm, *d* = 200 nm, *l*~*1*~ = 250, *l*~*2*~*=*350 nm, *w* = 50 nm, and *P*~*x*~ = *P*~*y*~ = 500 nm.(B) SEM image of the fabricated metamaterials. Inset: zoom-in image of the unit cell.(C) NIR complex refractive index of 30-nm-thick GST film for both as-deposited amorphous and thermal annealing crystalline phases, where the refractive index data were measured using ellipsometer over a spectral range of 1,000--2,200 nm.(D) The FTIR measured (top panel) and FDTD simulated (bottom panel) reflectance spectra of the Babinet metamaterials for both the amorphous (blue solid lines) and crystalline (red dashed lines) phases under *p*-polarized incident light.

Reflectance measurements for the different structural states are carried out by Fourier transform infrared (FTIR) spectroscopy via a 15× Cassegrain objective (NA = 0.4) and a liquid nitrogen cooled MCT detector (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} for detail). The metamaterials are under a normal incidence with *p*-polarization. The experimentally measured reflectance spectra are shown in the top panel of [Figure 1](#fig1){ref-type="fig"}D. Both nanoslots serve as dipolar antennae and are strongly excited by the *p*-polarized incident light, and the excited two bright modes interfere with each other. By breaking the symmetry of the paired slots, a tiny reflectance peak can be experimentally observed within the reflectance spectra. This is because the two resonant modes are weakly hybridized. Note that the gap between the two slots is fixed, so the coupling strength is determined by the difference in the length between the two slots, leading to the splitting of resonant mode. Namely, the EIR characteristic is caused by the weak hybridization of the two bright modes with frequency detuning ([@bib18]). As transiting the structural state of the GST from amorphous (blue solid line) to crystalline (red dashed line), the reflectance peak endures a wavelength redshift of 200 nm, while maintaining a reflectance peak of ∼0.85. Therefore, the device reflectance can switch between two spectrally separate NIR bands. Herein, the crystallization of GST layer is achieved by thermally annealing the as-deposited amorphous film for 30 min at 180°C on a hotplate in a flowing Ar atmosphere. The numerically simulated transmittance spectra have a qualitative agreement with the experimentally measured one.

The finite-difference time-domain (FDTD) calculations performed with the commercial software package Lumerical Solutions software are presented on the bottom panel of [Figure 1](#fig1){ref-type="fig"}D for comparison. In the model, the GST refractive index is obtained from the VASE measured data from [Figure 1](#fig1){ref-type="fig"}C. The Au permittivity was taken from Johnson and Christy\'s data ([@bib28]). The metamaterials were modeled under normal incident plane wave with *p*-polarization. A plane wave source along the -*z* axis is used to illuminate the metamaterials possessing the electric field component (*E*-) parallel to the *x* axis. The metamaterial geometry is set to that measured using the SEM pictures shown in [Figure 1](#fig1){ref-type="fig"}B. A detailed model\'s explanation is shown in the [Methods](#sec3){ref-type="sec"}. A redshift in the resonant peak occurs by crystallizing the GST. In the model, we do not take into account the Si~3~N~4~ adhesion layer, fabrication imperfections (i.e., the inhomogeneity of the gap separation), native oxides, and surface roughness. This simplification can cause the variation between the simulated and measured reflected intensity and the slight widening of the measured spectra. On the other hand, in the simulations, the reflectance is calculated in the near-field of the metamaterials. Nevertheless, the reflectance is measured in the far-field over a finite acceptance angle within the 0.4 NA microscope objective light cone. This may also introduce differences between the simulation and the experiment.

To explore the origin of the actively tunable EIR response, the harmonic oscillator system is employed to quantitatively analyze the coupling between the two nanoslits ([@bib27]).Herein, the EIR feature appears due to the interaction between two dipole (bright) modes of the paired Au slots. Such a mode interference can be engineered through non-volatile phase transition to the refractive index of the GST, resulting in an active controlling of the reflection window. The motion of oscillating charges for each mode can be expressed using the coupled differential equations,$${\overset{¨}{x}}_{1} + \gamma_{1}{\overset{˙}{x}}_{1} + \omega_{1}^{2}x_{1} + \kappa^{2}x_{2} = E$$$${\overset{¨}{x}}_{2} + \gamma_{2}{\overset{˙}{x}}_{2} + \omega_{2}^{2}x_{2} + \kappa^{2}x_{1} = 0$$where $\kappa$ denotes the coupling coefficient between the two slots ([@bib46]);$x_{1}$,$x_{2}$, $\gamma_{1}$, and $\gamma_{2}$ represent the amplitudes and damping rates of the two dipole (bright) modes, respectively. The $\omega_{1}$ and $\omega_{2}$ are the resonant frequencies of the two bright modes, respectively. By solving the coupled [Equations 1](#fd1){ref-type="disp-formula"} and [2](#fd2){ref-type="disp-formula"}, the susceptibility *χ* of the metamaterials can be obtained ([@bib43]; [@bib75])$$\chi = \chi_{r} + i\chi_{i} \propto \frac{\omega_{2}^{2} - \omega^{2} + i\gamma_{2}\omega}{\left( {\omega_{1}^{2} - \omega^{2} + i\gamma_{1}\omega} \right)\left( {\omega_{2}^{2} - \omega^{2} + i\gamma_{2}\omega} \right) - \kappa^{4}}$$

Because the energy dissipation is proportional to $\chi_{i}$, the reflectance can be theoretically calculated by$$R = 1 - g\chi_{i}$$where *g* is a geometric parameter presenting the coupling strength of the bright mode with the incident *E*-field. In [Figures 2](#fig2){ref-type="fig"}A and 2B, we illustrate the analytical fitted reflectance spectra via the coupled harmonic oscillator model for both amorphous and crystalline states, respectively, exhibiting a very good agreement with the measured spectra.Figure 2Theoretical Fitting of the Measured DataThe FTIR measured (blue solid lines) and theoretically fitted (magenta dashed lines) reflectance spectra of the Babinet metamaterials with (A) amorphous and (B) crystalline phases. The metamaterials are normally illuminated under *p*-polarized incident light.

The corresponding fitting parameters for the different states are listed in [Table 1](#tbl1){ref-type="table"}. As is seen, $\gamma_{1}$ and $\gamma_{2}$ do not vary significantly, whereas the $\kappa$ decreases sharply as transiting the state of GST from amorphous to crystalline. Therefore, the active tuning of the EIR resonance mainly stems from the variation in the $\kappa$.Table 1The Parameters *κ*, γ~1~, and γ~2~ Used in Fitting for the Different States$\kappa$ (THz)$\gamma_{1}$ (THz)$\gamma_{2}$ (THz)Amorphous91.592.911.8Crystalline58.571.612.5

Besides the active tuning of the EIR via the GST phase transition, the EIR response is also polarization selective in which "On" and "Off" states can be achieved by switching the incident light between the *p*- and *s*-polarizations. To further demonstrate the controlling of the spectra characteristic, in [Figure 3](#fig3){ref-type="fig"} we both experimentally and numerically investigate the spectra evolution under the *s*-polarized incidence for amorphous ([Figure 3](#fig3){ref-type="fig"}A) and crystalline ([Figure 3](#fig3){ref-type="fig"}B) states. For the *s*-polarized incidence, the resonance in the metamaterials for both amorphous and crystalline states is not excited, the EIR response is faded away. On the contrary, for the *p*-polarized incidence ([Figure 1](#fig1){ref-type="fig"}D), the resonance in the metamaterials is excited and the EIR is observed. Our proposed chalcogenide metamaterials can act as tunable optical polarizer ([@bib36]), where the "On" and "Off" states can be obtained in the different spectral bands. The polarization-selective EIR response possesses a good trend of the Malus law, which may open up new possibilities for programmable infrared metamaterial devices for on-chip photonic modulation and manipulation applications.Figure 3Performance of the Babinet Metamaterials under *s*-polarized IncidenceThe (A) FTIR-measured and (B) FDTD-simulated reflectance spectra of the Babinet metamaterials for both the amorphous (blue solid lines) and crystalline (red dashed lines) phases under *s*-polarized incident light.

To better understand the fundamental physics, in [Figures 4](#fig4){ref-type="fig"}A--4C the calculated electric $E = \sqrt{E_{x}^{2} + E_{y}^{2} + E_{z}^{2}}$ field distributions of the paired nanoslits are shown for three resonant wavelengths of λ = 1,262, 1,490, and 1,620 nm for the amorphous state. The *E*-field distributions clearly present that both slots are excited individually at λ = 1,262 and 1,620 nm and act as the dipolar (bright) mode resonances. On the other hand, at λ = 1,490 nm, the EIR feature is obtained by the simultaneous excitation of the two slots, which validates that the EIR is mainly associated with the weak hybridization of two dipolar modes of the two Au slots. In [Figures 4](#fig4){ref-type="fig"}D--4F, we show the distributions of the *E*-field at the resonant wavelengths of λ = 1,480, 1,662, and 1,790 nm, respectively, for the crystalline phase. It can be observed that the *E*-field distributions are similar to the ones for the amorphous phase, which indicates that the electrical resonant dipoles in the two slots can be excited to create EIR response. The localized *E*-fields in the amorphous GST ([Figures 4](#fig4){ref-type="fig"}A--4C) are enhanced more strongly than for the crystalline state ([Figures 4](#fig4){ref-type="fig"}D--4F), implying that a greater interaction of the two bright modes can be achieved, which in turn leads to a sharper EIR profile.Figure 4Electromagnetic Fields Distributions of the Babinet Phase Change Metamaterials under *p*-polarized Incidence3D-FDTD simulation of total *E*-field intensity distributions for (A--C) amorphous metamaterials at the resonant wavelengths of (A) λ = 1,262 nm, (B) λ = 1,490 nm, (C) λ = 1,620 nm, and for (D--F) crystalline metamaterials at the resonant wavelengths of (D) λ = 1,480 nm, (E) λ = 1,662 nm, (F) λ = 1,790 nm.

To exploit the underlying forming process of the EIR characteristic, the two different slot dipolar resonators are separately fabricated and measured using the same processes as illustrated above. The first structure is made of the longer slots array whose SEM image is shown in [Figure 5](#fig5){ref-type="fig"}A. The experimentally measured reflectance spectra are shown in [Figure 5](#fig5){ref-type="fig"}B for the amorphous (blue solid lines) and crystalline (red dashed lines) states under the *p-*polarized incident wave. A redshift in the resonant dip is observed by crystallizing the GST. The second structure consists of the shorter slots array ([Figure 5](#fig5){ref-type="fig"}C). As was seen in [Figure 5](#fig5){ref-type="fig"}D, the resonant dip in the reflectance spectra redshifts to the longer wavelength as crystallizing the GST film while having a lower quality factor compared to the amorphous one. Note that the reflectance spectral profiles of the two different slots arrays are similar; thus, both the slots act as the bright modes. When the two slot resonators are integrated within a meta-atom and create the EIR Babinet metamaterials, a reflectance peak of 85% at λ = 1,470 nm appears between two resonant dips located at λ = 1,230 and 1,645 nm (blue solid lines in [Figure 1](#fig1){ref-type="fig"}D). This peak reflectance originates from the near field coupling between the two bright modes. By transiting the state from amorphous to crystalline, the resonant wavelength for the reflectance peak redshifts from λ = 1,470 to 1,670 nm (red dashed lines in [Figure 1](#fig1){ref-type="fig"}D).Figure 5Forming Process of the EIR Response under *p*-polarized Incidence(A and B) (A) SEM image and (B) measured reflectance spectra of the longer slots array with both amorphous (blue solid line) and crystalline (red dashed line) states.(C and D) (C) SEM image and (D) measured reflectance spectra of the shorter slots array with both amorphous (blue solid line) and crystalline (red dashed line) states.

In [Figure 6](#fig6){ref-type="fig"}, we have numerically simulated chalcogenide metamaterials based on the various metal films of Au, Ag, Al, and Cu as changing the GST state from amorphous ([Figure 6](#fig6){ref-type="fig"}A) to crystalline ([Figure 6](#fig6){ref-type="fig"}B). As is seen, the electromagnetically induced reflectance exists for all the different metals, whereas the metamaterials based on the Au film possess the largest spectral shift by crystallizing the as-deposited amorphous GST.Figure 6Effect of the Various Metals on the SpectraThe FDTD-simulated reflectance spectra of the Babinet metamaterials based on the various metal films of Au (black line), Ag (red line), Al (blue line), and Cu (green line) for both the (A) amorphous and (B) crystalline phases under *p*-polarized incident light.

Conclusion {#sec2.1}
----------

In conclusion, we have theoretically investigated and experimentally realized a tunable EIR response using the GST-based complementary Babinet metamaterials in the NIR region. By switching the structural phase of GST between amorphous and crystalline, the EIR peak is spectrally shifted. A massive tuning range from λ = 1,470 to 1,670 nm was demonstrated for the FTIR measurements of EIR metamaterials, which is also numerically validated. This is because the GST phase change offers a pronounced contrast in the refractive index. The EM-field distributions reveal that the EIR response originates from the weak hybridization of two dipolar (bright) modes of the paired Au slots. These findings may be used in many innovative areas such as nonlinear optics, high sensitivity detector, and slow-light applications.

Limitations of the Study {#sec2.2}
------------------------

The quality factor of resonance peak of the Babinet metasurface is not very high. It is because the resonance peak is created by the weak hybridization of two bright modes of the paired Au slots. Further study will be needed to address this issue. The ultrashort laser pulse is an important part for a reversible tuning of the resonant modes in the Babinet metasurface. Future studies in reversible switching of the EIR under an excitation of ultrashort pulsed laser can provide various applications for dynamically reconfigurable photonic devices, such as optical detectors and slow-light devices.

Resource Availability {#sec2.3}
---------------------

### Lead Contact {#sec2.3.1}

Further information and requests for resources should be directed to the Lead Contact, Tun Cao (<caotun1806@dlut.edu.cn>).

### Materials Availability {#sec2.3.2}

No newly generated materials were generated during this study.

### Data and Code Availability {#sec2.3.3}

No code was generated in this study, and requests for data may be directed to the lead author.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods

T.C. acknowledges support from LiaoNing Revitalization Talents Program with grant number XLYC1807237. The authors acknowledge Prof. Guixin Li from Southern University of Science and Technology for performing the measurement for conducting the research.

Author Contributions {#sec4}
====================

Conceptualization, T.C.; Methodology, K.L.; Investigation, T.C., K.L., and Y.L.; Writing -- Original Draft, T. C., K.Q., and K.L.; Writing -- Review & Editing, T.C., K.Q., and K.L.; Resources, T.C. and K.Q.; Supervision, T.C.

Declaration of Interests {#sec5}
========================

The authors declare no competing interests.

Supplemental Information can be found online at <https://doi.org/10.1016/j.isci.2020.101367>.

[^1]: These authors contributed equally

[^2]: Lead Contact
